Introduction
A magnetic uid is a "solid-liquid" phase colloid solution obtained by good dispersion of magnetic particles in carrier uids.
1 By varying the size scale and magnetic characteristics of the dispersed magnetic particles, magnetic uid could be divided into ferro-magnetic uid and magnetorheological (MR) uid.
2 Due to their unique magnetic dipole-dipole interactions, the magnetic particles would like to assemble into chain-like microstructures under an applied magnetic eld, thus the mechanical properties of the magnetic uid critically change. Based on this typical tunable and controllable mechanical property, the magnetic uid has been utilized in various applications such as drug targeting delivery, magnetic-thermal therapy, magnetic resonance imaging, vibration isolation, breaking, intelligent sensors, etc.
3-9
The magnetic forces and friction interactions of magnetic particles played the key role in the magnetorheology of the magnetic uid. 10 To improve the mechanical properties of magnetic uid, various inuence factors such as the magnetic moment, shape, density, size, roughness, and microstructures have been systematically investigated.
11-15
Typically, the intrinsic structure of the magnetic particles became a hot area of the rheological properties by affecting the forming structure under applying the external magnetic eld. Moreover, sedimentation was crucial for magnetic uid due to the mismatch between the magnetic particles and carrying uids. 16 Besides the surface coating route, the size decreasing has been estimated to be an effective method to improve the stability.
17,18
Based on the nano-sized Fe-alloy, the Lord Corp developed a novel MR uid, in which the settlement problem was resolved. Similarly, the Fe, Fe-alloy, Fe@carbon nanospheres also represented both high stability and MR effects.
19-21
Up to now, plenty of iron-based materials have been explored for magnetic uid. [22] [23] [24] Micron-sized carbonyl iron (CI) spheres are widely used for MR uid due to their so magnetic property, high magnetic permeability, proper size and common availability. However, the high density of CI causes intrinsically sedimentation problem. Another drawback of pure CI particles is the poor chemical stability in an acidic environment. 25 Such drawbacks could be efficiently reduced by conventional surface coating and surface modifying methods. 25 28 Generally, Fe 3 O 4 is used as the nanosized magnetic material in magnetic uid.
Fe 3 O 4 nanoparticles have attracted increasing interests in magnetic uids because of their easy processing and high surface compatibility. Over the past decade, intensive work has been performed to study the Fe 3 O 4 particles' morphologies dependent MR mechanism. Therefore, cubic, octahedral, plate-like and brous magnetic nanoparticles based MR uids were also reported. [29] [30] [31] [32] It was found that the unique shapes increased the friction forces and thus enhanced the MR effects. The core-shell structure is also a promising morphology to improve the MR effect and sedimentation stability, by increasing the inter-particle attraction forces and decreasing the particle density. 33 To improve the magnetic particles' weight ratio, the magnetic nanoparticles were oen immobilized onto the surface of the nanospherical template. Several successful examples such as the PS/Fe 2 O 3 , PMMA/Fe 2 O 3 nanospheres were developed by Pickering emulsion polymerization. 34, 35 Interestingly, the static yield stress of the above suspensions displayed a linear magnetic eld-dependency instead of the quadratic eld-dependency of the pure Fe 2 O 3 based MR uid. Therefore, the study of the magnetic uid based on the Fe 3 O 4 -immobilized particles became a pressing need in both applications and mechanism analyses.
Numerical simulation was an important method for investigating the magnetorheology of the magnetic uid. During the past decades, many numerical simulation methods such as the nite element method, computational uid dynamics simulation based on nite volume approach, Monte Carlo method, and molecular dynamics simulation method have been conducted to investigate the mechanical properties of the magnetic uid. [36] [37] [38] [39] By combining experiments and simulations together, both the shear stress and the snapshots of eld-induced microstructures could be obtained, which demonstrated that the molecular dynamics simulations and experimental data were in good qualitative agreement. 40 The particle-level simulations have been proven to be an effective method for studying the yield behaviors of magnetic uids. Similarly, the magnetic eld dependent rheology under both steady and oscillatory shear also have been successfully cleared. 41 Importantly, the simulation could also give out correct predictions for the magnetic uids, which was nally proven by the experiments.
42
To this end, it is anticipated that the particle-level simulations will present high potential in studying the magnetorheology of the magnetic uid based on the Fe 3 O 4 -immobilized particles.
This work reported an experiment/simulation combining method to investigate the MR behavior of a novel magnetic uid based on the Fe 3 O 4 -immobilized-SiO 2 -nanospheres (MSiNPs). In comparison to the pristine Fe 3 O 4 nanoparticles, the MSiNPs based magnetic uid exhibited higher MR effect. A particlematrix interaction model was employed to analyze the interparticle forces and the kinematic equation was further derived to clarify the magnetic eld-dependent structural transformation in the magnetic uid. The experimental results agreed with the simulations. Based on the above results, a possible mechanism was proposed to demonstrate the unique nanostructure dependent high MR effect, which would be also applied for discussing the origination of the magnetorheology.
Experiments
Preparation of the Fe 3 O 4 -immobilized-SiO 2 -nanospheres (MSiNPs) Firstly, the SiO 2 nanospheres with an average size of 200 nm which were prepared via a modied Stöber method were dispersed into an ethanol to get a 70 mg mL À1 solution. Then, 3 mL of the above solution was mixed with 40 mL triethylene glycol in the ask and heated to 95 C to remove ethanol. Aer that, 320 mg Fe(acac) 3 was added under sonication. 5 min later, the solution was treated in 278 C under the protection of nitrogen.
The reuxing was conducted under magnetic stirring for 30 min and then it was cooled to room temperature by adding 40 mL ethanol in the reaction solution. At last, the MSiNPs were magnetically separated and washed with ethanol for several times. The magnetic uids based on the MSiNPs were prepared by dispersing MSiNPs into water. The total weight ratios of the MSiNPs were set as 10 wt%, 15 wt%, and 20 wt%, in which the weight fractions of Fe 3 O 4 were 1.8 wt%, 2.7 wt%, and 3.6 wt%, respectively. As a comparison, the pure Fe 3 O 4 nanoparticlesmagnetic uids with weight fractions 1.8 wt%, 2.7 wt%, and 3.6 wt% were also obtained.
Characterization
A transmission electron microscopy (TEM) (JEM-2100F) was employed to investigate the micro-features of MSiNPs. The elemental composition of MSiNPs was obtained on an inductively coupled plasma atomic emission spectrometer (ICP-AES) (Optima 7300 DV). Magnetic hysteresis loops gures of both MSiNPs and monodisperse Fe 3 O 4 particles were obtained on a magnetic property measuring system (MPMS) vibrating sample magnetometer (VSM) (SQUID, Quantum Design Co., America). X-ray diffraction (XRD) patterns of the samples were measured on an intelligent XRD system (SmartLab) with Cu-Ka radiation (l ¼ 1.5418Å).
Rheological measurements
The rheological properties of magnetic uid samples were studied by using a commercial rheometer (Physica MCR 301, Anton Paar Co., Austria) with a magnetic eld accessory. Typically, 0.3 mL of the test sample was introduced between two parallel plates (PP 20) . The distance between two plates was xed at 1 mm. An electromagnet and a magnetic yoke generated a homogeneous magnetic eld perpendicular to the plates, also perpendicular to the ow direction. Both the shear and oscillation tests were conducted under the magnetic eld sweep. The temperature was maintained at 25 C during all the experiments. Before each test, the sample was pre-sheared at a shear rate of 100 s À1 without applying any external magnetic eld. Fe 3 O 4 nanoparticles based magnetic uid had a relatively poor sedimentation stability, ultrasonic washing processes before the experiments were applied. For the magnetic eld sweep, the shear rate was chosen as 10 s
À1
, 25 s
, 50 s
, and 100 s
. The magnetic ux density linearly increased over time until 480 mT, which had already reached the saturation area. In the oscillation test, the frequency was set as 0.5 rad s À1 and 1.0 rad s À1 while the amplitude was set at 100%.
Simulation model

Characterization of the MSiNPs
In this work, the MSiNPs could be easily synthesized via a onepot thermal decomposition method by using SiO 2 nanospheres as the hard template and the Fe(acac) 3 as the iron source. In order to gain an accurate view of the magnetization characteristics of MSiNPs and pristine Fe 3 O 4 nanoparticles, the exponential nonlinear ttings of the hysteresis loops in the rst quadrant was employed. The maximum magnetic eld intensity didn't exceed 10 kOe in both experiments and simulations. Hence the data larger than 10 kOe from the curve was abandoned for getting more accurate results. The tting function was:
here M was the magnetization, H was the applied magnetic eld strength, while C 1 , C 2 , and C 3 were constants. C 1 evaluated the saturation magnetization, C 2 described the speed of magnetic moment toward saturation while C 3 characterized the trend of magnetic hysteresis loops near zero eld. The tting results were shown in the inset graph of Fig. 1c , C 2 ¼ À372 Oe, and C 3 ¼ 96.8 Oe. The tting curves were quite close to experimental data, of which the R-square was 0.9926.
Particle-particle interaction
Molecular dynamics simulations based on the correctional point dipole model are carried out. Here, it is assumed that all the particles are equally magnetized under applying the magnetic eld and the generated magnetic moments are paralleled to the external eld. According to the exponential function:
where M i means the magnetic moment vector of particle i, V i is the volume of particle i and e H is the unit vector parallel to the external magnetic eld. Aer magnetization, each particle would produce a local magnetic eld. At the center of particle j, the local magnetic eld strength generated by particle i is:
where r i and r j are position vectors and r ij ¼ r j À r i is the relative positional vector, r ij ¼ |r ij |, t ij ¼ r ij /r ij . So the magnetic potential energy between each pair of particles and under the external magnetic eld can be described as:
where m 0 ¼ 4p Â 10 À7 N A À2 is the permeability of vacuum. The permeability of the matrix is approximately equal to m 0 . The resultant magnetic force which particle i received can be expressed by the gradient of the total magnetic potential energy.
In the presence of homogeneous magnetic eld, F H i ¼ 0. At low concentrations, the point dipole theory is an appropriate approximation. However, in the formation process, collisions among magnetic particles would continually occur. The inu-ence of distributed magnetic moment in a single particle should be taken into account when two particles are very close to each other. Keaveny et al. theoretically investigated the magnetic interaction between two hard magnetic spheres. 44 The exact solutions are quite complex. Due to the restrictions of the computational speed, a tting factor c m is employed to correct the gap between the point dipole model and theoretical solutions. 39 The inter-particle van der Waals force can be expressed as:
where
To avoid overlaps among the particles both with and without external magnetic eld, a short-range exponential repulsive force is introduced as:
where M si and M sj are the saturation magnetic moment of particle i and particle j.
Kinematic equation
In both simulations and experiments, particles' motion related to the continuous Newtonian medium has an extremely low Reynolds number. Hence the Stokes' law approximates the hydrodynamic drag force as:
in which x i ¼ 3phd i is the translational drag coefficient, v is the velocity of particle i relative to its surrounding matrix. The resultant force of gravity and buoyancy acting on a particle can be expressed as:
here r and r 0 are the densities of magnetic nanospheres and carrier uid. g is the gravitational acceleration. Considering all the aforementioned interactions, the kinematic equation can be governed as follows:
For both kinds of nanoparticles, the magnetic torque is so small that the magneto-induced rotation of each particle can be neglected. It is also easily accepted that the inertia of particles is negligible. In order to determine the dominated interaction in the colloidal suspension, the situation of two adjacent particles with an equal diameter of 200 nm is discussed. nanoparticles, cubic regions with the edge length of 2 mm and 150 nm are respectively adopted. Periodic boundary conditions are applied to all peripheries for both cases and both kinds of particles. The simulations are composed of three steps: (1) particles are randomly distributed in the simulation box. (2) Particles are free to move in the absence of magnetic eld to eliminate partial overlaps which are accidentally generated. (3) Structural formation simulations in the stationary state and steady shear ow are properly initiated, until the system reaches a selfbalancing state. Once the total force imposed on a particle is calculated, its equation of motion is solved by the Euler algorithm. In the shear ow situation, considering all the approximations, the kinematic equation of a particle i can be expressed as:
here _ gz i e x is the velocity of the ambient matrix with _ g the shear rate. z i is the z-coordinate of the particle and e x is the unit vector of x-direction in the Cartesian coordinates. F i is the total force acting on particle i. At each time step, the magneto-induced stress tensor is calculated as follows:
here V is the volume of the simulation box. N is the total number of particles. The external magnetic eld is applied along the zaxis direction and the shear stress is donated as s zx . The magneto-induced stress tensor of the simulation cell can be compared with experiments and can characterize the evolution of the interior microstructures of magnetic uid. The variation of magnetic potential energy can also reect the formation of microstructures.
Results and discussion
Experimental results of the MSiNPs and Fe 3 O 4 nanoparticles based magnetic uid
The magnetic dependent rheological properties of the magnetic uid based on the MSiNPs (20 wt%) were rstly investigated by using the rheometer. Fig. 2a showed the variation of its viscosity under different magnetic ux densities. Typically, the viscosity rstly sharply increased with the magnetic eld and then it tended to level off, which was very similar to the change phenomenon of the hysteresis loop. With increasing of the shear rate, the viscosity decreased. The weight ratio of MSiNPs played the key role in the MR effect. With increasing of the MSiNPs, more magnetic particles would present in the magnetic uid, thus the interaction between the particles increased with the external magnetic eld. As shown in Fig. 2b , the maximum viscosities of the MSiNPs based magnetic uid reached 0.12 Pa s, 0.18 Pa s and 0.57 Pa s, as the weight fractions varied from 10 wt% to 20 wt% respectively. In the saturation region, the viscosity had a gentle decrease while the magnetic eld was strengthened, which must be responded for the low weight fraction of the magnetic particles. Though the magnetic particles formed chain-like structures under the intense magnetic eld, they were easily adsorbed on the testing plates. At high particle concentrations, the obstacle of other chain-like structures could resist the adsorption and lead to a relatively stable viscosity. The pure Fe 3 O 4 nanoparticles based magnetic uid was also investigated so as to nd out the inuence of the unique nanostructure. Because the weight ratio of the Fe 3 O 4 nanoparticles in 10 wt% MSiNP magnetic uid is 1.8 wt%, the Fe 3 O 4 contents in 3.6 wt% Fe 3 O 4 magnetic uid and 20 wt% MSiNP magnetic uid are the same. From Fig. 3c, it The normal force as a function of magnetic ux density is shown in Fig. 3d . The MSiNP suspension imposes a drawing force to the upper plate. With increasing of the magnetic eld, the particle-particle attraction was enhanced, thus the absolute value of normal force increased. Under the high shear rate ( _ g ¼ 100 s À1 ), the absolute value of normal force unusually decreased because the rupture speed of chain-like structure was greater than the forming speed. Moreover, the storage modulus and loss factor of MSiNP suspension with different frequency was studied (Fig. 3) . In the absence of the magnetic eld, the storage modulus was around zero, which demonstrated a Newtonian uid feature. Upon increasing the magnetic eld, the storage modulus increased while the loss modulus rst increased and then decreased. The loss factor was always larger than 1, which claimed that the magnetic material always mainly possessed the uid property. The decreasing loss factor also revealed an increasing viscoelastic character of the MSiNP suspension.
Structural evolution of the MSiNP suspension in the stationary state
It was widely accepted that the magnetic particles assembled to form chain-like structures under applying the external magnetic eld. Here, the magnetically dependent structure evolution of the MSiNPs in the magnetic uid was investigated by the molecular dynamic simulations. Fig. 4 showed the magnetoinduced microstructures of MSiNP suspension (20 wt%) in a steady magnetic eld (B ¼ 240 mT) . The edge length of the simulation box was 2 mm. Firstly, the MSiNPs randomly dispersed in the initial simulation box. Then, a steady magnetic eld was applied. 20 ms later, a lot of short chain-like microstructures were formed quickly. These short chains came from their neighboring particles. When the time was further prolonged, long chain-like particulate structure was formed with the particle-particle and chain-chain interaction proceeding. Finally, more stable chain-like structures and column-like structures were constructed (100 ms).
It is also signicant to know the change regularity of the microstructures that depends on the magnetic potential energy and normal stress, aer applying the external magnetic eld. In this simulation, the magnetic elds were set as B ¼ 120 mT, 240 mT, and 480 mT which could be achieved by adjusting the current in the electromagnetic device of the rheometer (Physica MCR 301) as 0.5 A, 1.0 A, and 2.0 A correspondingly. Fig. 5a showed the inuence of magnetic eld on the magnetic potential energy density of the MSiNP magnetic uid. When the magnetic ux density B was set as 120 mT, 240 mT, and 480 mT, the initial transient values of energy density were À226.1 J m À3 , À519.2 J m À3 , and À1117 J m À3 , respectively. In the incipient 20 ms, the energy density sharply dropped down. Meanwhile, the very complex magneto-mechanical coupling process appeared. Aer the simulation was launched, the magnetic potential energy gradually decreased from 20 ms to 80 ms, and more stable magneto-induced microstructures were achieved. Finally, when the time was beyond 80 ms, the energy density dropped to the steady value. The stronger the magnetic eld, the larger the magnetic potential energy dropped and the lower energy was. In Fig. 5b , it can be seen that the normal stress grew fast in the earliest 20 ms and gradually approached the stable value. Clearly, the mechanical properties of the MSiNP suspension presented a typical magneto-controllable performance. Fig. 5c and d showed the evolution of magnetic potential energy density and normal stress of MSiNP magnetic uid with different weight fractions (B ¼ 240 mT). It can be found that the higher weight ratio of the MSiNPs led to a lower potential energy and a larger normal force. The initial transient step drops were À242.7 J m À3 , À374.7 J m À3 , and À519.2 J m À3 , related to weight fractions 10 wt%, 15 wt%, and 20 wt%, respectively. Furthermore, the saturated normal stress of magnetic uid also increased with weight fraction and then reached 5.5 Pa, 8.4 Pa, and 12.1 Pa, respectively. Fig. 6a-c showed the inuence of the MSiNP weight fractions on the assembling microstructures in a steady magnetic eld (B ¼ 240 mT). When the particle content was 10 wt%, short and long chains both existed in the simulation box, while they were separated from each other. Meantime, some individual MSiNPs were found without attaching with each other. If the weight fraction increased to about 15 wt%, long chains were mainly presented in the particulate structures, and few isolated particles appeared in the cubic box. Finally, for 20 wt% MSiNP magnetic uid, all the particles were within the chain structures. With increasing of the particle number, some short chains joined the long chains and formed column-like structures.
The microstructures of pure Fe 3 O 4 magnetic uid were also simulated ( Fig. 6d-f) . The computation box was shrunk into 150 nm edge length in proportion. Similarly, when the low weight fraction was low, only short and scattered chain-like structures were formed. In this case, the magnetic particles merely had weak interactions among each other. Lateral attraction among particle chains and weak friction between particles and carrier uid led to low viscosity.
In this work, the stable MSiNPs were constructed by the inner solid SiO 2 spherical core and the Fe 3 O 4 nanoparticles shell. Aer imposing the external magnetic eld, the MSiNPs formed chain-like structures. Because the magnetic Fe 3 O 4 nanoparticles locate at the outer layer, they are very easily to interact with Fe 3 O 4 nanoparticles on other MSiNPs. According to eqn (7), the attraction force is proportional to the biquadrate of r ij . The Fe 3 O 4 nanoparticles in one MSiNP also attract each other, and the attraction further guarantees the stability of the MSiNPs. Under the same Fe 3 O 4 weight fraction, the core-shell structures of the MSiNPs reduce the separation distance among Fe 3 O 4 particles and enlarge the average length of chain-like structures. Consequently, the friction effect between microstructures and the matrix uid is enhanced. The above two reasons lead to the higher viscosity and MR effect of MSiNP magnetic uid.
Structural dependent magnetorheology of the MSiNP suspension in the steady shear ow
The magneto-induced microstructures change dramatically in the incipience of a steady magnetic eld. The magneto-induced microstructures under the steady shear ow become another important point in this work. Fig. 7a and b showed the normal stress and magnetic potential energy as a function of time, in which the shear rate was applied along the x-axis. Here, the weight fraction of MSiNPs was 20 wt%, the external magnetic eld was set as B ¼ 240 mT, and the shear rates were 10 s À1 , 25 s À1 , and 50 s À1 , respectively. Different from the static occasion, aer the incipient prominent change in 20 ms, both potential energy density and magneto-induced normal stress approached the stable value during an undulate process. The larger the shear rate, the smaller the variation range of magnetic potential energy and normal stress. Moreover, the evident undulate performance was found in the larger shear rates. Fig. 7c and d showed the isometric view and x-axis view of the microstructures of 20 wt% MSiNP magnetic uid at 100 ms in which the shear rate is _ g ¼ 40 s À1 . Under the steady shear ow, the chain-like and column-like structures inclined towards the shear direction. Then, the internal microstructures were rapidly broke up and reformed. Finally, lamellar structures parallel to the z-x plane were formed. The inclination resulted in larger intervals among magnetic particles and nally led to smaller magneto-induced normal stresses and smaller variations of the magnetic energy densities. As the shear rate increased, the inter-particle attraction along the direction of z-axis was weakened.
Besides the structure transformation, the mechanical properties such as the magneto-induced shear stress also could be estimated by using the molecular dynamic simulations. The simulated magneto-induced shear stress of 20 wt% MSiNP suspension in the shear rate sweep was plotted in Fig. 8a . The simulated shear stress employed here was the average value from the rst time shear stress declined with the increasing shear strain to the end of the simulation. Aer start-up of the ow, shear stress approximately linearly increased with shear strain, which manifested that the magnetic uid had not reached the viscous ow region.
2 The magneto-induced shear stresses were inuenced by the magnetic attraction forces among particles and the decline angle of particle chains. The shear stress increased as the shear rate increased. Computational results were in agreement with experiments in tendency. More work will be done for the data accuracy. Fig. 8b showed the magnetic eld sweep magneto-induced shear stress of 20 wt% MSiNP magnetic uid at a shear rate of 50 s
À1
. Clearly, the viscosity increased with the magnetic eld, which indicated a typical MR effect. The calculation results matched quite well with the experimental results. Based on the above results, it can be concluded that the present particle-level simulation was effective for describing the magnetorheology of the MSiNP suspension.
Conclusions
In this work, the magnetorheology of a novel MSiNP suspension was systematically investigated by using a combining experimental and numerical method. Due to the unique coreshell nanostructure, the MSiNP suspension possessed a higher MR effect than the pristine Fe 3 O 4 magnetic uid. The oscillation shear test revealed that the MSiNP suspension transformed from Newtonian uid to a viscoelastic material as the magnetic eld exceeded the saturation value. Molecular dynamics simulations were carried out to study the relationship between the microstructures and mechanical properties of MSiNP suspension. Both the stationary ow eld and steady shear ow were used in the simulation. When the magnetic uid was placed into a uniform magnetic eld, the MSiNP magnetic particles formed short chain-like structures quickly, followed by long chain-like structures along the direction of the external magnetic eld. When the magnetic uid was subjected to a steady shear ow, the magneto-induced interior microstructures tilted along the shear direction and formed a layered structure parallel to the plane consisting z-axis and xaxis. In the meantime, the magnetic potential energy and stress state varied rapidly at the inception. Then they gradually approached the stable values in the steady state while uctuated in a dynamic balance in the steady shear ow. In comparison to the internal structures of pristine Fe 3 O 4 magnetic uid, the MSiNPs had larger attraction force among particles. The simulation results agreed well with the experiments, which would be favorable for predicting the mechanical properties in the application and for analyzing the MR mechanism in the fundamental research.
